ABSTRACT: The Feynman-Vernon influence functional formalism is used to derive the effect of a black body, treated as an environment, on a massless scalar field in 1+1 dimensions. The black body is modeled as a finite region of space in which an independent ohmic heat bath is weakly coupled to the field at every point. A weak coupling approximation is developed which implements the concept of an ideal black body in the context of quantum field theory. The calculation takes advantage of the suitability to harmonic oscillators and free fields of Bargmann-Fock coherent state variables, whose convenience is illustrated by a preliminary derivation of the thermalization of a single harmonic oscillator by a heat bath with slowly varying spectral density. The black body model exhibits absorption, thermal equilibrium, and emission consistent with classical results for black bodies. It is argued that this model is in fact a realistic description of a very fine, granular medium, such as lampblack. † anglin@hep.physics.mcgill.ca
I. INTRODUC
Historically, quantum theory began with spect, black body radiation is the kind of ph expected to see new physics. The Maxwell-Lo theoretical framework for electromagnetic rad statistical mechanics provided a model for th ories had essentially been developed indepen joint application to a single problem was a n stood as the principal achievements of physic in the form of the Hawking effect, a very sim major physical theories is still held by black Pedagogically, quantum theory typically pled to an external source, treated classically some sort of environment, not itself directly pled to the system under observation. One tal degrees of freedom, and replaces the env Hamiltonian with its expectation value. A th classical concepts in quantum mechanics is st part of the explanation for the successes of external source approximation is accurate to and in the most common case of electromag weak enough that higher order effects may of There are some important situations, h tuations around the expectation value of the c the observed system that are not small, desp coupling constant g. This happens because o which are large enough to outweigh the sma there may be two kinds of second order terms the large parameter, as well as negligible con ple, when a previously uncorrelated system a to interact, the second order effects include q rate at which the wave function collapses is of the interaction with the unobserved envi sufficiently long time scale can also enable th tem into thermodynamic equilibrium with i phenomenon will be shown in this paper to explain the fact that the thermal radiation of a black body, although it is generated via the coupling of photons to charged matter, is not proportional in intensity to the weak electromagnetic coupling † .
Second order environmental effects of these kinds are not described by classical external sources, but may be accurately expressed in the influence functional formalism of Feynman and Vernon [9] . This formalism has already been used to examine quantum measurement [6] . In the present paper, it is applied to radiation and absorption by an ideal black body of finite extent. Inasmuch as we are able to describe radiation propagating away from a heat source, our results go beyond the standard equilibrium treatments. This paper is organized as follows. The problem of a simple harmonic oscillator driven to thermal equilibrium by contact (velocity coupling) with a heat bath is presented first, in the comparatively little-used formalism of the path integral in Bargmann-Fock coherent state variables. Although these variables are less familiar than positions and momenta, they are actually particularly well-suited to problems involving harmonic oscillators, including any calculations involving free quantum fields. They are introduced here in a demonstration that standard thermal equilibrium is established, after a sufficiently long time, whenever the coupling to the bath is weak enough and its spectral density varies slowly enough; a spectral density obeying a particular "ohmic" power law is not required. For simplicity, we then assume an ohmic environment with constant spectral density, and consider a massless quantum field coupled to a heat bath restricted to a finite region of space. Here the coherent state variables are particularly advantageous, allowing us to clearly see that this model exhibits uniform absorption and black body radiation. We then conclude with a discussion of the realism of the model chosen, the issues raised by our analysis, and some related problems for future study. An appendix reviews the important justification, originally given by Feynman and Vernon [9] , for treating a generic weakly-coupled environment as a bath of independent harmonic oscillators. † It is a fact that should be more surprising than it is, that the Stefan-Boltzmann
15h 3 c 2 is independent of the elementary charge e.
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II. OSCILLATOR WITH IN BARGMANN-FOCK
A. The Bargmann-Fock
When using path integrals to obtain quantum mechanical system (i.e., one whose quadratic potentials, and bilinear interactions stages. First, one solves an equation of moti and second, one averages over the initial an final wave functions as weights. These avera initial and final states have particularly simp tion in which the path integral is constructed representation, position eigenstates are desc out, however, that in the black body proble evolution of N -particle states in field variable data that are difficult to perform, and who (These integrals are generalized Gaussians, kernels that are difficult to invert because of body environment.) Constructing the path in in which N -particle states have simple repres also makes the final answer quite transparen will be introduced here, in the simpler prob coupled to a heat bath, so that this toy mode the physics and the formalism of the main p integral in Bargmann-Fock space is described be reviewed briefly here.
To span a Hilbert space, one chooses bas Often, one chooses the duals of the ket basis but in general this need not be the case. F states as a basis for kets, and momentum sta are convenient for free particles, but for a h alternatives, namely bases of eigenstates of states).
Consider the following coherent states as basis elements for bras and kets:
where the |n are harmonic oscillator energy eigenstates, and α andᾱ are complex numbers (not necessarily complex conjugates of each other). Since a whole 2-plane of parameter space is larger than needed to span the states of an oscillator, we constrain α to lie on a line C through the origin, andᾱ to lie on another lineC through the origin, such thatC is perpendicular to C. We then have an expression for the identity operator,
(This relation may be verified by inserting the definitions (1) and using differentiation under the integral sign, treating the expression as a distribution.)
Since |α is an eigenstate of the annihilation operatorâ, any operator expressed as a normal-ordered function of creation and annihilation operators has a simple matrix form in this representation:
In particular, for a HamiltonianĤ = : H(â † ,â) :, we have the following matrix elements of the infinitesimal time evolution operator:
(Throughout this paper we seth = c = 1.) Using (2) and (4), we can derive the path integral for a transition amplitude in the usual way, by inserting identity operators between an infinite succession of infinitesimal time intervals. We obtain the Bargmann-Fock path integral ᾱf |e
s being used as a time parameter, withα ≡ d ds α(s). Note that, according to the delta functions in (5), α(s) andᾱ(s) have only one boundary condition each, at the initial time s = 0, and the final time s = t, respectively.
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In the case where the Hamiltonian H is up to a normalization factor, to the value of extremized. As usual, this condition is satisfi equations. In this case, the Euler-Lagrange e that only the boundary terms do not vanish therefore simplifies to ᾱf |e
ᾱ f α(t)+α for some normalization factor Z. The subscrip endpoint values of the solutions of the Euler in the case of a harmonic oscillator driven bŷ
where f andf are c-number functions repre these solutions may be obtained by direct Green's functions. The resulting endpoint v the driving sources, as well as on the initial a
While this paper deals with interactions tha external sources of this type, similar calcul Euler-Lagrange equations, and boundary va below.
, it is easy to obtain states, without integrating, from (6) . One sim ᾱf |e
and extracts the co-efficients of the powers of oscillator, this gives a clear interpretation of t The terms in α(t) proportional to αi, and in energy-conserving evolution of initial states i α(t) describes excitation of the system, by the driving source, while the other term inᾱ(0) implies absorption by the source. This interpretation is emphasized here in order to provide some intuition for the results of Section III, in which a quantum mechanical black body will appear instead of a classical driving force, but in which the action will still be quadratic. All of the system's dynamics will still be expressed in the boundary values of α andᾱ variables.
The basis in which a path integral is expressed determines the type of boundary conditions which the paths must satisfy. For given boundary conditions, though, one is free to change variables in the path integral. For example, we are free to re-express (5) as ᾱf |e
using the transformation
and absorbing the constant Jacobian in the new measure. While the integral now involves familiar-looking P and Q variables, the transformation we have used will in general make P and Q complex, and the usual P (t) and Q(0) boundary conditions do not apply. They are replaced by conditions on the linear combinations α andᾱ, reflecting the fact that (10) is still a transition amplitude between coherent states. The P, Q type of variables will be more convenient for solving the equations of motion of Section III, while α,ᾱ variables will still be better suited to the initial and final states. In the path integral formalism, there will be no reason for us not to take the best of both worlds.
B. Oscillator coupled to a heat bath
Consider now a system consisting of a simple harmonic oscillator of natural frequency Ω, minimally coupled to a heat bath made up of environmental oscillators. This is a toy model, but it is very relevant to more significant problems 7 involving free quantum fields. We assume thê
(ΩQ + iP ), and g is a coupling Ω, and will use this fact extensively below. density, whose properties will be further dis the operators, (12) represents the choice of of standard electromagnetism. This choicê H positive definite and of reducing the size normalization of Ω.
We are interested in the behaviour of th we must integrate out of the problem all of th Assume that the initial density matrix for th ρ(0) =ρ(0) ⊗ r whereρ(0) acts in the Hilbert space of the initial density operator for the environment. observed oscillator at time t is then given, propagator equation
This equation may be translated into the m basis, by defining the propagator Kklmn in t that
, αi; t) may be obtained explicitly from a path integral similar to (10):
In this expression, A is the action term
B is the boundary term
where the α variables are given in terms of the Q's and P 's by (11) ; and V = V [Q, Q ′ ] is the influence phase. (The quantity e iV is known as the influence functional.)
V contains all the information about the heat bath that is relevant to the observed oscillator. It may be computed in a straightforward manner. (This has been done using the Lagrangian form of the environmental path integral: the Lagrangian obtained from HENV is
which is that of the velocity coupled model analysed in Reference [11] .) In the case where the initial state of the bath is thermal at inverse temperature β, one finds that
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We use the notation (
define the quantity µ 2 and the functions η an
The exponent i(A + B + V ) in (17) is qu constant factor to the extremized value of the subject to the constraints imposed by the bou order Euler-Lagrange equations for the four
These equations together imply that A + V duces to one of endpoint values at the extrem
where Z is a normalization constant. Thus (25), subject to the boundary conditions
imposed by the delta functions in (17), and fi that these solutions determine.
The easiest way to solve these coupled work in Fourier space. The problem then red of a complex resonant frequency, as a pole in Fourier space. To begin, we differentiate (22) and substitute it into (24), obtaining a decoupled, second order integro-differential equation for Q−:
We then define the Fourier transform Q−(s) =
, and use
where we have combined the µ 2 = ∞ 0 dω I(ω) term with the contribution from the lower limit of the s ′ integral to form the frequency re-normalization term
The P in front of the integral sign denotes the Cauchy principal value. We assume that λ(ω 2 ) << 1 g 2 . The crux of the problem now appears to be the Hilbert transform in the rightmost term of (29). The Hilbert transform has the property that
With this in mind, we choose the ansatz
for someΩ and γ > 0 to be determined, and A a constant to be fitted to boundary conditions. Equation (29) then becomes
We now invoke our assumption that
is a small quantity, and require further that the spectral density I(ω) is always much smaller than Ω g 2 , and is slowly varying near ω = Ω. With these conditions, we can choose
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and take the Q 
The poles at ±Ω + iγ contribute "correction zeroth order solution. For a wide range of no sharp peaks near ω = Ω, the remaining particular, we can have a gradual cut-off at h realistic spectral densities.
We can substituteΩ → −Ω and the pr With our assumptions about g 2 and I(ω), the
This solution is anti-damped, growing haviour is usually considered unphysical, bu such solutions do not apply in this case. De similarly to a position variable, it is really a m onality in the position basis of the oscillator' represents the oscillator's mean displacement classical equation of motion, but rather a to quantum mechanical system. In classical me conditions must apply at the initial time, th results from a "runaway" solution; but in qu final time, with its own boundary condition be made to conform. And in this case, the an essential feature responsible for establishing c has long been known to occur in the limit wh † This series may be constructed by replacing I delta functions. (A continuous spectral densi tion for such a discrete spectrum, anyway.) ǫ (ω−ωn) 2 +ǫ 2 then allows us to use (31) repeat
We now turn to Eq. (23), differentiating it and applying (25). We obtain the damped and driven oscillator equation
The homogeneous part of (37) is simply the equation formed by substituting (t − s) → s in (28). We therefore have the free (approximate) solutions
The source on the RHS of (37) is given by (36) as
(39) For the particular solution, we presume that Q+(s) does behave as a damped oscillator, and therefore consider the candidate
We examine first the term proportional to A in the LHS of (37):
13 neglecting terms of O(
. In (41) we have tw sharply peaked around ω = −Ω, and that ω c region. We have also invoked similar approx (36).
Adding the similar term proportional to A we can see that (40) does indeed satisfy (37) (40), once again using the fact that
But the decaying terms in (42) (43) in (22) and (23), we
We can now impose the boundary conditions
In the thermal limit where e −γt → 0 and
Using (46) and (11), we now obtain
Applying these results to (26), we find the propagator
where Z will turn out to be the partition function of the canonical ensemble.
Using (14), we find that the final state of the oscillator has the density matrix
which is the canonical ensemble in coherent state variables, regardless of the initial state. We may translate this result into the standard energy representation, using (15) to discern
, one might be concerned that for low temperatures, where β becomes arbitrarily large, βg 2 λ(Ω 2 ) would not be small, so that it would be wrong to write Ω instead ofΩ in (49). But because g 2 << Ω, regardless of temperature, βg 2 can only be non-negligible when βΩ is so large that e −βΩ ≃ e −βΩ ≃ 0. Hence the distinction between Ω a state, within the limits of our approximation
We therefore conclude that a harmonic pling to an environment with slowly varying s to thermal equilibrium on the thermal time s of Reference [7] , where the path integral in p thermalization for a weakly coupled environm our velocity coupled model, this would be equ [7] notes that more general dissipative enviro but does not treat them explicitly.) We con that, in the case of the single oscillator cou scale that makes the thermal effects of the b weak coupling and slowly varying spectral d environment from communicating to the sys temperature, and so guarantee the canonical
III. BLACK BODY R A. Setting up th
We now present our main result. When to an environment which is confined to a finit lengths long compared to the coupling tend this region, but shorter wavelength quanta m When the thickness of the region is large co sion through it is also negligible, and the qu as thermal radiation. After the initial time ronment are uncorrelated, this radiation prop region; but behind a wavefront region whose square of the coupling, it is time-independen (i.e., one with slowly varying spectral density I(ω)) may be analysed by straightforwardly extending the approach of Section II, for simplicity in this Section we consider an ohmic spectral density (I(ω) = 1). The environment we discuss thus represents a black body, absorbing all frequencies (above the reflection regime) indiscriminately.
Also for simplicity, we consider a scalar field in 1 + 1 dimensions; the extrapolation to a vector field in 3 + 1 dimensions is straightforward enough, but will only be touched on in this paper. We let our spatial co-ordinate x ∈ [−Λ, Λ], and impose periodic boundary conditions on the field φ. (We will eventually let Λ → ∞, of course, but this infrared regulator will turn out to be convenient.) The black body is placed at the origin, filling the region −L < x < L with a uniform medium consisting of independent ohmic heat baths at every point, minimally coupled to the field ‡ . The Hamiltonian iŝ
Once again, we assume that g 2 is very small compared to an infrared cut-off frequency Ω.
Define creation and annihilation operators bŷ
so that [ân,â † m ] = δmn, and then introduce the Bargmann-Fock variables αn(s) andᾱn(s). (For the mode n = 0, we are proceeding as though the field had an infinitesimal IR regulating mass ǫ <<
but we will keep this replacement implicit for brevity.) Introduce as well the primed variables α ′ n (s),ᾱ ′ n (s) needed to express a mixed state of the field. ‡ Attaching an independent bath to every point is an approximation, valid for sufficiently long wavelengths, as discussed in Section IV. Similar models, at zero temperature, have been discussed in References [12] and [13] .
In this section we once again use a path i to derive a propagator, similar to that in (14) scalar field:
is shorthand for the infinite tens likewise for the bra.
The propagator J may be computed fro to (17):
where the field variables φ(x, s) and Π(x, s) a variables according to
The primed version of (53) defines φ ′ and Π ′ in (52) are as follows:
The boundary term B in (52) is most br
where the boundary values of the α's may be found from the boundary values of the φ's and Π's using (53). As in Section II, the action term in the path integral is of the usual pq − H form (up to a boundary term), minus a like term in primed variables:
where we introduce the linear combinations φ± = φ ± φ ′ and Π± = Π ± Π ′ .
Because the heat baths coupled to the field at each point are independent, the influence phase V is simply an integral of influence phases similar to (21) (with I(ω) set equal to one and some simplification via integration by parts, as in Reference [11] ):
Since we will once again be interested in the case where g 2 is small, we will neglect the last term in (57), on the grounds that it will produce only negligible perturbations on the solutions to the field equations. The black body is here assumed to have a uniform initial temperature
, and the limits on the integral over ω are meant to be taken to infinity only after all other integrations have been performed.
The exponent of the integrand in (52) is thus quadratic, and the propagator J is proportional to the value of the integrand when this exponent is extremized, subject to the boundary conditions. Once again, A + V vanishes on shell, and the propagator is given by
19
The Euler-Lagrange equations for this extreṁ
Differentiating (59) and (60), and employin obtain the second order equations
B. Solving the equatio
We will find solutions to (63) and (64) th and space. We begin with (63), and consider
where k is a complex frequency to be determi satisfy
To be a saddlepoint of the path integr must be C 1 everywhere. We must therefor approach x = ±L from either side. It is easy to see from the discontinuity in the wavenumber implied by (66) that there will be reflection at the boundary, with reflection co-efficient of order
This implies that there is really no such thing as a perfect absorber, since below some threshold frequency there will always be significant reflection. Nevertheless, if we restrict our attention to field modes with frequencies above an infrared cut-off Ω, such that g 2 << Ω, then we can neglect reflection, and consider our black body to absorb perfectly at all frequencies of interest. Satisfying the periodic boundary conditions at x = ±Λ forces k to assume a discrete set of values. Imposing these constraints on L±, M±, and R±, we find the most convenient parametrization of the general solution, above the IR cut-off, to be given approximately by
where
The attenuation co-efficients γ ≡ are defined so that f is indeed periodic.
The general solution to the homogeneous part of (64) is of the same form as φ−(x, −s). The driven solutions, using the source φ−(x, s ′ ) as given by (67), may be found by the usual Fourier technique. Once again discarding from this particular solution terms which are actually free solutions, we obtain the general approximate solution
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where the "≃" means that we have neglected all modes with frequency less than Ω.
Using (69) in (59) and (60), and droppin
With regard to the neglect of modes below modes still have solutions of the form (65), non-negligible reflection. When we return to (53), therefore, their contribution to the Fou be negligible, for | mπ Λ | > Ω. Hence the infrar from the absorbed modes, and as long as we r the cut-off, we can use (69) and (70) without of the infrared contributions.
This last argument hinges on the fact th with |η| << |k| so that the growth or decay over very many wavelengths, is primarily com close to k. This statement may be made mor
where we take the upper (lower) of the ± sign quasi-diagonal -predominantly concentrated the diagonal. If we let g 2 Ω → 0 while keeping Γ delta. In fact, the case where
ΓL is not sm the large factor e ΓL will cancel in our final res off-diagonal elements of dmn still suppressed reflection terms ignored in (67) remain negligible, despite the fact that some will have amplitudes of order e ΓL .
The quasi-diagonality of dmn will be of crucial importance in the remainder of this paper. We will use it to construct an approximation whereby modes of all frequencies above the IR cut-off are slowly modulated, so that they effectively vanish in large regions of space, but retain well-defined wavelengths in the regions where they do not. It is in this manner that we will identify thermal radiation of all frequencies propagating outwards from our model black body. The "no reflection" condition that g 2 Ω << 1 thus turns out to have additional simplifying consequences far beyond making reflection negligible. As in Section II, it is weak coupling and slowly varying spectral density that lead to canonical thermal behaviour; the non-reflectivity of a black body is simply a sign that the weak coupling limit applies.
We can now re-combine φ± and Π± into the Bargmann-Fock α variables, having effectively used the other variables to de-couple the Bargmann-Fock equations of motion. Combining (69) and (70) 
C. Boundary conditions
We must now constrain An,Ān, Bn,Bn to meet the boundary conditions of 23 (54). We begin with An and Bn. The const decoupled by defining An = 1
Using the quasi-diagonality of dmn, we can s mately by
since the matrix product n dmnd −1 nk will, for butions where m, n, and k all have the same fn(x) → fm(x) or fk(x) with negligible error.
The inverse of dmn is thus nearly diago
(since if β is large enough for Γβ and the whole term is negligible). This allows
We can expand (75) into
where Gm(x, t) ≡ e γt fm(x)fm(−x + t sgn(m) ) (continuing f periodically beyond [−Λ, Λ]). These last two lines are obtained via another quasi-diagonal approximation: because the dominant contributions to (75) come from the terms where m, n, and k are all within ΓΛ of each other, and therefore (for | mπ Λ | > Ω) all have the same signs, we can switch fn → fm, and |n| → n sgn(m) or n sgn(k) , and incur errors of order g 2 Ω at worst. This type of approximation will be used repeatedly hereafter, drastically simplifying several matrix inversions. In effect, the only reason not to treat dmn as a delta function is that, for large enough t, e , this quasi-diagonal approximation is accurate and natural. At the quantum level, the quasi-diagonal approximation is the ideal black body approximation.
Applying this approximation again allows us to invert (76), obtaining
Note that the function Gm(x, t) = G(x sgn(m) , t), where for t > 2L
For t < 2L, we have instead
As long as L and t are both sufficiently large, the differences between the two cases (78) and (79) turn out to be insignificant.
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Applying another quasi-diagonal approxi (77), we obtain the boundary values
In a similar manner, we also obtain
Using (80) and (81) in (55) and (58), we J to be given by
These matrices are obtained using one new kind of quasi-diagonal approximation, which may be illustrated by writing
by substituting x → x − (x − t sgn(m) ) and observing that Gm(−x + t sgn(m) ) = Gm(x, t). (The last step in (84) invokes the kind of quasi-diagonal approximation already introduced in (74).)
Equations (82) and (83) provide us with the propagator for the density matrix of the modes above Ω of the massless scalar field, in the presence of a black body at inverse temperature β, initially uncorrelated with the field. The integrals in (83) do not seem to have closed form evaluations, but since T , T ′ , A, and E are all matrices formed by adding and multiplying matrices which are quasidiagonal, they must themselves also be quasi-diagonal. (The inverse of a quasidiagonal matrix is quasi-diagonal; one way of showing that this statement applies in our case is to consider the massless field as the continuum limit of a lattice, in which case all the matrices become finite dimensional, and the proposition is 27 then elementary. One might be concerned tha diagonal matrices could cancel when they ar of the matrices in (83) can be computed, an quasi-diagonality of the matrices in (83) wi body propagator J , by calculating some sign g 2 .
C. Physical interpretation
For convenience in explaining the signifi to some important spatial regions; these regi overlapping intervals [−(L + t), L] and [−L, left and right shadows of the black body. W be the smallest length for which e
] forms the core. As long the differences between the two forms of G(x, no effect on our identification of these region insignificant in (83).
With these relevant regions in mind, a gator is immediately suggested by the forms observe that Gk(x, t) −
vanishes for body; it has support within the left shadow shadow for k > 0. Emk therefore seems to from the black body, and Amk seems related into it. As well, ( 
umbral and black body zones, but equals unit are therefore suggestive of ordinary, free field disconnected from the black body.
These impressions can be confirmed by involving J . Firstly, we can consider the evolves under J , and show that all N -point are the same as those for uniform, unidirectional thermal radiation, as long as all the N points are within the umbra of the same side of the black body's shadow. Secondly, we can show that the uniform thermal state at the temperature of the black body evolves under J into itself. Finally, we can set the temperature of the black body to zero, and obtain the "quantum wall effect" whereby quanta are absorbed by the black body, without reflection. These three special cases suffice to illustrate that (82) is indeed the correct quantum mechanical description of the effect of a black body on a massless field.
The final state evolving from initial vacuum is found simply by setting α
The correlation functions for products of operatorsφ(x1)...φ(xN )Π(y1)...Π(yM ) may be formed from the expectation values
where umn, vmn are the factors (
2 applicable to eitherφ orΠ. This expectation value may be computed by twice completing "squares" † in a Gaussian integral:
(88) † Actually, bilinears in Bargmann-Fock variables are not squares, sinceᾱ and α are not complex conjugates, but the procedure is exactly analogous to the usual method of manipulating quadratic exponents.
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We derive this by using quasi-diagonality to
The expectation value (87) can be com states of uniform, isotropic thermal radiatio radiation travelling in one direction only. The to that of (88) . The asymmetry therefore contributes disregarded to be consistent in our ideal blac For our second illustration, we compute the thermal state at the black body tempera operator ρβ[ξm, ξm; 0] = 1 Z exp m and using (51), integrating by completing the
We can approximate (e
Gm(x, t)(e
which leads to
We make this last step by again changing variables x → −(x−t sgn(m) ) (wrapping around periodically in the domain [−Λ, Λ]). It immediately follows that
which establishes the fact that
as far as modes above the IR cut-off Ω are concerned. The canonical ensemble at the temperature of the ideal black body is indeed the equilibrium state.
Finally, we can consider the evolution of a one-particle initial pure state, in the non-emitting case where β → ∞, so that Elm → 0. Changing to the Nparticle basis by extracting the co-efficients ofᾱ , has the density operatorρ
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where |0 denotes the vacuum and
In the limit β → ∞, we have
This ensures that an initial state localized with of the black body evolves into a state in whic above the IR cut-off are negligibly excited. A black body evolves into one in which no mode excited. This then implies that the probabil black body is negligible. Note that, when β → This shows that the total probability is con particle being present decreases from one.
Our model and the quasi-diagonal appr it therefore exhibit absorption, thermodynam diation. We have presented, in an idealize a description from quantum mechanical firs macroscopic black body with a massless qua closely resemble that of light.
IV. DISCUSS A. Summa
The use of influence functionals to desc unobserved environment has not received its theory. Among second order effects, there can be some that are enhanced by large parameters that do not appear at lower orders. These are very important, since they are apparently responsible for the significant phenomena of quantum measurement and thermal dissipation. As discussed by Feynman and Vernon in their classic paper introducing influence functionals [9] , independent harmonic oscillators can be used to describe any environment, as long as we are only interested in effects up to second order in the coupling between environment and observed system. To this order, a general quantum mechanical environment having allowed transitions with energy differences ωk is equivalent to a set of harmonic oscillators with those natural frequencies, with effective coupling strengths proportional to the matrix elements of the interaction Hamiltonian † [9] .
This result is derived in the Appendix. To first order in the coupling, a generic quantum environment may be treated as a classical source; the first improvement beyond this treatment, valid to second order in the coupling, is to model a generic environment as a collection of independent oscillators. Our treatment of matter as a collection of baths of harmonic oscillators is therefore not merely a gross idealization, but is actually accurate up to second order in perturbation theory.
From another viewpoint, though, our model of a free quantum field interacting with first-quantized matter can actually be considered as a way of approaching some non-perturbative physics. The atoms and molecules represented by heat baths are in reality bound states involving the electromagnetic field. Interacting fields can effectively have many more degrees of freedom than free fields, because their Hilbert spaces include arbitrary numbers of bound states. These bound states couple to the unbound modes, and can have significant effects if they are present in macroscopic quantities -as in a black body of macroscopic size.
That these effects can be significant despite weak coupling can be starkly demonstrated by calculating the energy radiated by a black body. From our one dimensional model in Section III, we find (in the limit where the infrared cutoff † One might be concerned that, while the dimensionful g 2 set the absorption scale λ in our one-dimensional calculation, in actual spacetime the electromagnetic fine structure constant αem is dimensionless. In fact, though, the effective couplings which appear when realistic matter is approximated by harmonic oscillators must be proportional to dipole moments of molecules, etc., and so will still have the correct dimensionality. The Stefan-Boltzmann constant σ is independ yet it governs electromagnetic radiation gene of Section III we can now understand this radiation occurs in situations with microscopi one must perturb separately in The condition that the black body has n spatial growth and decay of the field solution their oscillatory frequency. This in turn impli approximation, whereby modes of a given freq of the same frequency, but with spatial modu large enough distances. An approximation of whenever we speak of light of definite frequen finite regions of space. The prevalence in na that justify such concepts is ultimately due to The vanishing reflectivity of a black body indicator of the underlying physics of weak c
Compared to the physics of weak coupl der effects by macroscopically large paramet † The effective coupling may be even weaker, if in deriving the independent oscillator heat b theory. The density of degrees of freedom in does not seem unreasonable to conclude tha way, as medium-dependent as classical optics familiar physical phenomenon. Yet it also permits a powerful type of approximation, elucidating "qualitative" properties which, like black body radiation and quantum measurement, have traditionally been treated by axiom rather than by perturbation. The opacity of a black body can be considered as an indicator that a "large parameter" approximation is appropriate.
With two very different, very drastic approximations applying at once, it is little wonder that a non-reflective, opaque object is such a clean theoretical subject, and why its behaviour is so universal (depending only on temperature). The highly non-trivial implications of total absorptivity, first deduced from thermodynamic axioms, have now been traced to their microscopic origins in quantum theory. The results of our seemingly very idealized model, with uncountably many independent harmonic oscillators coupled to the field at every point, are thus quite universal. Is this model then more realistic than it at first seems?
B. Justifying the model
Apart from the reduction to one dimension, this model is in fact quite realistic. In a disordered collection of many molecules there are very many allowed transition energies, and the continuous spectrum I(ω) becomes a reasonable approximation to a discrete spectrum of equivalent oscillators, that will not break down until one considers a time scale on the order of the inverse of the spectral spacing. Since a continuous spectrum of harmonic oscillators has infinite heat capacity, one would expect this time scale to be associated with heating and cooling of the black body. These important phenomena are not described by our model, because of our assumption of a continuous spectrum.
In Section III, however, we assumed that there is an independent heat bath interacting with the field at every point in the black body, so that our model is continuously dense in space, as well as in frequency. This is a valid approximation for a discrete model, as long as we consider wavelengths of light long compared with the lattice spacing. We are therefore certainly only modeling the effect of matter on light with wavelengths above the X-ray range. In fact, we are assuming that each heat bath represents a grain or clump of molecules or atoms that effectively couples to the field at a single point, and so must be of a size less than the wavelengths of interest. For wavelengths as small as the near ultraviolet range, this permits us to have on the order of a thousand atoms per heat bath.
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This number of degrees of freedom must sti bath cooling time scale much longer than our a conflict between our assumptions of continu We can estimate the cooling time scale fo its classical thermal energy 3 2 N kBT by the ra sical black body of radius two to three nano law (100) The implicit infrared and ultraviolet cu in conflict with the ohmic spectral density a stancy of the spectral density is not essential slowly varying I(ω) leads to similar results constant Γ(ω). As long as e −2LΓ(ω) is negligib absorptive.
As far as infrared to near ultraviolet ligh presented in this paper is actually a fairly ac composed of closely packed grains, whose siz order of a few nanometers, each of which consi fine-grained deposits of carbon atoms occur used for making actual black bodies black makes a rough surface -a feature we have turns out to be about soot.
C. Issues raised by the model
The problem we have studied presents a new face of the basic quantum dilemma regarding localization in position and momentum. One may often think of a black body as thermally exciting outgoing field modes, and absorbing incident modes, but this is misleading. The positional and directional localization involved in identifying outgoing and incoming radiation is more subtle than the one-to-one mapping by which we associate Fourier modes with particle momenta.
This subtlety can be illustrated by sketching the extension of our work to a black body which is a solid sphere in three dimensions. Choosing spherical polar co-ordinates, the radial eigenfunctions of the free field Hamiltonian are spherical Bessel and Neumann functions. While these can be combined into spherical Hankel functions, describing incoming and outgoing waves, the Neumann functions diverge at the origin, and the only physical modes are pure Bessels, representing standing waves. There are not enough field degrees of freedom, then, to be decomposed into orthogonal outgoing and incoming modes.
The black body environment surrounding the origin changes the path integral saddlepoint, and modifies the Euler-Lagrange equations. Taking the zero angular momentum mode as an example, we find f0(r) = . Radial functions that are predominantly incoming or outgoing (outside the black body) will therefore appear in the threedimensional analogue of (83). But the number of orthogonal field modes is not suddenly doubled, and each of the incoming and outgoing sets of eigenfunctions could in fact be expanded in terms of the other. There is only a half-line k ∈ [0, ∞] worth of radial degrees of freedom to be described. This point is one more illustration among many that the wave-particle duality of quantum fields is not completely explained by referring to the expansion of the field operator in plane waves. While it is convenient for scattering processes in negligible gravity, this notion of particles fails to be physical in curved spaces or accelerating frames; it also requires elaboration (via our quasi-diagonal approximation) to describe emission and absorption from macroscopic bodies at rest in flat space. A really satisfactory formulation of particle states would be of great value, and it has yet to be found.
A second issue is raised by our zero-temperature, purely absorptive limit. The "quantum wall effect" blocks field excitations from passing through the black 37 body, but it does not affect the ground state boundary condition one typically assigns to a there is no Casimir effect, at zeroth order in of non-conducting dielectric [13] . The case this paper, should also admit a similar kind point heat baths replaced by a gas of free would be interesting to study such a model effect without simply imposing boundary con important phenomenon of thermal radiation Finally, we could relax the assumption o implied infinite heat capacity and discarded r cooled to low temperatures, we would expect t from the field would be re-emitted, as it appro problem would also provide an interesting com of a black hole through the Hawking effect. to undergo radiative heating rather than co trapped information is common to both black
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APPENDIX: INFLUENCE FUNCTIONAL FOR A WEAKLY COUPLED ENVIRONMENT
Consider an environment represented by the single degree of freedom q, with conjugate momentum p. Let this environment be coupled to an observed system, such that the total Hamiltonian operator iŝ
The coupling constant ǫ is assumed to be small and dimensionless.ĤS andQ are operators on the observed system, whileĤE andÂ(p,q) are operators in the unobserved sector.
Let |K denote eigenstates of the environmental Hamiltonian, such that HE|K = EK|K , assuming no special form for HE(p, q). We can then in principle define the q and p representation wave functions ψK(q) = q|K and ΨK(p) = p|K . Let the mixed initial state of the environment at time s = 0 be described by the density operatorR =:R(p,q):, where the colonss imply normal ordering by placing allp's to the left of allq's, so that R(p, q) is the Wigner function p|R|q . R has the matrix elements K|R|L ≡ RKL in the basis of energy eigenstates. The Wigner function may be expressed in terms of these matrix elements using wave functions: The influence phases for any number of u environmental degrees of freedom simply ad systems are in a thermal state, each will be s related with the other systems. Consider, the a number N of independent harmonic oscillat ral frequencies ωk and coupling strengths ǫk. 
In (108) we use the following notation:
When we recall that the influence phase appears in any path integral over observed degrees of freedom as an additional term in the exponent, Since the first order term leads to effects that are already well studied in the regime of closed system quantum mechanics, we generally wish to concentrate on the specifically open quantum behaviour produced by the higher order terms. If we restrict our attention to environments that are approximately in equilibrium, so that RMN = 1 Z e −βE M δMN , and assume that the expectation value ofÂ convenience. Comparing (110) and (106), therefore, we see that any weakly coupled environment that is initially uncorrelated with the system and in a thermal state is equivalent, at a fixed temperature, to a bath composed of independent harmonic oscillators. It is worth emphasizing that the effective spectral density G(ω; β) can be temperature dependent, as this fact seems to have escaped comment heretofore.
In fact, (110) can also apply in a situation where the weak coupling approximation is not as straightforward, namely the case of a large number N of independent (i.e., uncoupled and initially uncorrelated) environmental degrees of freedom, each of which is weakly coupled to the observed system, but not so weakly that the total effect of the environment has to be small. In this case the Hamiltonian may be written aŝ
where all of the ǫk are much less than unity.
Assuming again the initial thermal state, with vanishing expectation values Ak(s) , we find For large enough N , quantities such as derivations of wave function collapse [6] -m the ǫk are all small. It is important to not coupling of the observed system to each env be weak, there may be so many such degre the system can be large. Equation (114) s generic environment by a bath of independe in this case. We have therefore confirmed th oscillators provides an adequate model for a w large environment, capable of inducing drastic
